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Enzymatic proteins have their activity tightly regulated, often via conformational 
switching (shape-changing) events which can turn them on or off in a reversible fashion. A 
change in shape at one location on a protein can induce a change at another location. The Loh 
Group at SUNY Medical School has engineered a model system for studying such changes in 
molecular switches by inserting a guest protein (ubiquitin) into a host (barnase). The two protein 
domains undergo a thermodynamic tug-of-war that is concluded by the mechanically induced 
unfolding (and deactivation) of one domain. It has been experimentally shown that through 
changes in environmental conditions or the addition of effector molecules, the unfolded domain 
can refold by unfolding its competitor. Methodologies for the design of engineered switches may 
be used to design novel biological sensors and therapeutics. 
However, it is difficult to obtain structural information for these molecular switches due 
to their partially unfolded nature. Therefore, we have conducted atomistic and coarse-grained 
simulations in order to gain structural insight into mutually exclusive folding. To our knowledge, 
the simulations described in this thesis document are the first at any level of structural detail to 
show that the folding of one protein domain can drive the unfolding of another. 
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1.0  INTRODUCTION 
1.1 OVERVIEW 
Biological systems are characterized by their ability to precisely maintain the internal conditions 
necessary for life. This is possible because these systems have found ways to detect and respond 
to stimuli rapidly and effectively. Engineers and drug developers are also interested in finding 
ways to detect the presence of biologically relevant molecules by producing an enzymatic or 
chemically detectable response. Researchers are increasingly making use of biological 
macromolecules such as proteins or nucleic acids as scaffolds or building blocks in order to 
engineer molecular switches with novel and highly selective signal-response couplings [1.1-1.3].  
 Many proteins undergo conformational switching in response to signals from the 
surrounding molecular environment. The molecular chaperone Hsp90 interconverts between an 
open ATP-bound state and a closed ADP-bound state [1.4]. The ATP-bound state binds unfolded 
or misfolded proteins; then, the hydrolysis of ATP to ADP causes Hsp90 to clamp down on the 
target protein and induce folding. Ion channels also behave as molecular switches, transitioning 
between open and closed states in response to a number of signals including membrane potential 
[1.5], phosphorylation [1.6], or ligand binding [1.7]. By far the most common signaling event for 
activating or deactivating conformational changes is the addition or removal of a phosphate 
group by a kinase. The human proteome consists of hundreds of kinases and phosphatases that 
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switch proteins on and off by the addition or removal of a phosphate group [1.8, 1.9]. Of 
particular interest are proteins that consist of multiple domains, or distinct units that that are able 
to fold into their native conformations when isolated from the rest of the protein [1.10]. Over 
two-thirds of human proteins are composed of multiple domains [1.11]. 
Two protein domains can be linked (both naturally and via engineering) in either an end-
to-end fashion or via insertion. While end-to-end fusions have been used extensively as a protein 
engineering tool (for instance, to monitor gene expression), the insertion of one domain into 
another causes the two domains to become thermodynamically linked such that conformational 
changes in one domain can be transferred to the other [1.12]. This domain insertion allows the 
activity of a signaling domain to be linked to the conformational state of a sensor domain. 
Under most of the design schema currently being utilized for engineering novel domain-
inserted molecular switches, the inserted domain must have proximal amino and carboxyl 
termini in order to keep both domains structurally intact [1.13-1.20]. However, Stewart Loh and 
co-workers have formulated an interesting alternative requiring the opposite: in their paradigm, 
dubbed “mutually exclusive folding”, a protein with a large N-to-C terminal distance is inserted 
into a small-diameter surface loop on another protein [1.21]. As a result of this design criterion, 
the mechanical strain imposed on each domain by the other’s folded structure will result in a 
thermodynamic tug-of-war between the two domains. If the strain is greater than the intrinsic 
stability of one domain, that domain will unfold in order to relieve the strain. Since the intrinsic 
stability of each domain is dependent on external conditions such as temperature and the 
presence of effector molecules, a change in these conditions can produce a switching event, in 
which the unfolded domain refolds and causes the other domain to unfold. 
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A barnase-ubiquitin fusion protein has been engineered using the mutually exclusive 
folding design paradigm; the ubiquitin gene was inserted between the Lys66 and Ser67 codons of 
barnase (Figure 1-1) [1.21]. Barnase is a ribonuclease produced and secreted by the bacteria 
Bacillus amyloliquefaciens that is lethal to both prokaryotic and eukaryotic cells [1.22]. Bacillus 
amyloliquefaciens is able to survive by co-expressing the barnase inhibitor barstar. Ubiquitin is a 
key component of many protein degradation pathways. These proteins were chosen based on a 
number of criteria. First, there proteins have already been the basis for a large number of 
structural and protein folding studies. Additionally, the activity of the barnase domain can be 
observed in vivo by cell death. Most importantly, these proteins fit the primary design criterion, 
since ubiquitin has a much larger end-to-end distance than that of the chosen insertion loop on 
barnase (Figure 1-1) [1.21]. The barnase-ubiquitin fusion protein was shown, via circular 
dichroism (CD) spectroscopy, tryptophan fluorescence and in vivo enzymatic activity monitoring 
in E. coli to exhibit temperature-based switching from a state with barnase folded near 10 °C to 
one with ubiquitin folded near 30 °C [1.21]. In another fusion protein, designed by inserting the 
GCN4 leucine zipper into the barnase surface loop, the binding of DNA at the GCN4 domain 
was shown to unfold and deactivate the barnase domain [1.23]. 
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Figure 1-1. Representation of the proteins barnase and ubiquitin. The large amino-to-carboxyl end 
distance of ubiquitin compared to the barnase surface loop distance fit the mutually exclusive folding design 
criterion. Images were generated using the PyMOL program (DeLano Scientific). 
1.2 SCOPE 
While CD spectroscopy experiments are able to provide low-resolution structural information 
about molecular switches, higher-resolution detail from x-ray crystallographic or NMR 
spectroscopy studies would be difficult to obtain for mutually exclusive folding switches due to 
their partially unstructured nature. Disorder in the unfolded protein domain prevents the 
formation of crystals and can lead to broadening of resonance peaks in NMR spectra that are 
difficult to resolve. Furthermore, the high protein concentrations needed for NMR study may 
drive the unstructured domains to stabilize themselves through domain-swapping interactions 
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[1.24]. Therefore, physics-based computer simulations are a natural alternative for providing a 
detailed view of the mechanisms for mutually exclusive folding. 
This thesis explores the folding antagonism between the protein domains in barnase-
ubiquitin fusion proteins using computer simulations at two levels of detail: atomistic and 
residue-level coarse-grained (Figure 1-2). Gaining a mechanistic and structural familiarity with 
the conformational and transitional behavior of mutually exclusive folders advances an 
understanding of engineered and natural molecular switches. Understanding of these 
multidomain proteins is essential towards improving general methods of molecular switch 
design, with extensive therapeutic and molecular sensing applications. 
 
Figure 1-2. Models for the barnase protein used in simulations. Images were generated using the 
PyMOL program (DeLano Scientific). (A) Fully atomistic model of folded barnase with coordinates from the 
barnase crystal structure (PDB code 1A2P) [1.25]. Results from simulations at this level of detail are given in 
Chapter 2. (B) Model of folded barnase at residue-level detail. C-bead pseudoatoms are placed at the coordinates of 
the C atoms from the fully atomistic model and connected by pseudobonds. Results from simulations at this level of 
detail are given in Chapter 3. 
Chapter 2 examines how the degree of unfolding of the barnase and ubiquitin domains is 
sensitive to changes in the length of flexible linker peptides used to join the domains. These 
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proteins were studied using atomistic, unforced simulations corroborated by CD spectroscopy 
experiments conducted by Thomas Cutler, David Lubin, and Stewart Loh at SUNY Medical 
School [1.24]. To our knowledge, these simulations are the first to show the mechanically 
induced unfolding of one protein domain by another at the atomistic level. 
Chapter 3 further examines folding and unfolding in the barnase-ubiquitin fusion proteins 
using coarse-grained simulations that are capable of achieving better sampling and longer 
timescales than atomistic simulations. While mechanically induced unfolding was observed in 
our atomistic simulations [1.24], the protein domains had only partially unfolded after 50 ns of 
simulation. Our coarse-grained simulations show many complete unfolding and refolding 
transitions.  In simulations of the barnase-ubiquitin fusion protein starting from a state where 
barnase is folded and ubiquitin is unfolded, refolding of the ubiquitin domain drives the 
unfolding of barnase. Additionally, the binding of the barstar inhibitor barnase to the fusion 
protein was shown to dramatically increase the folding of the barnase domain while slightly 
decreasing the extent of folding of the ubiquitin domain. 
1.3 COMPUTATIONAL METHODOLOGY 
In the ideal case, all simulations would be conducted from fully atomistic models for the proteins 
immersed in boxes with explicit water molecules. However, due to the timescales of protein 
unfolding and folding transitions (microseconds to milliseconds or beyond) and the current state 
of available computing resources, we must approximate the effects of solvent by using the 
Langevin equation of motion: 
MX
ii
= U(X) Xi + R(t)  
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This equation determines the forces applied to each atom during each step of the 
simulation. The force on each atom comes from three terms modeling particle interactions, 
solvent friction, and random perturbations of the system. The interaction of particles in the 
simulation is determined by the force field implemented in the simulations. Our atomistic 
simulations employ the AMBER99ffSB force field [1.26], while the coarse-grained simulations 
use a G-type potential previously used by others [1.27, 1.28] that has been parameterized to 
reproduce the desired thermodynamic properties of the individual protein domains. 
The second and third terms are used to implicitly model the solvent. The second term 
models the frictional force on each atom, where  is a collision frequency that models the solvent 
viscosity and reduces the force on each atom. The third term in this equation applies a random 
force to atoms, modeling random high-velocity collisions with solvent molecules by randomly 
perturbing the system. The Dirac delta  ensures that the mean of these applied random forces is 
zero. Studies have shown that lowering solvent viscosity by reducing  accelerates reaction rates 
while not significantly changing the states populated [1.29, 1.30]. It was for this reason that we 
employed Langevin Dynamics in our fully atomistic simulations.  
The coarse-grained simulations described in Chapter 3 used a Brownian dynamics 
algorithm. Brownian dynamics is an approximation of Langevin dynamics in which we assume 
the inertial force (the acceleration) is insignificant compared to the viscosity force. As a result, 
the time evolution of a Brownian dynamics system can be formulated as the following equation 
[1.28, 1.31]: 
ri (t + t) = ri (t)+ DijFjj t / kBT +Ri  
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where, for each atom i, ri is the position vector on the atom at time t, D is the diffusion tensor, F 
is the total force acting on each other atom j in the simulation, Ri is the random displacement 
applied to atom i, kB is the Boltzmann constant, and T is the simulation temperature in Kelvin. 
The diffusion tensor is an N  N matrix of 3  3 matrices, with each i,j pair 
corresponding to a 3  3 matrix that describes the coupling of the components of motion for 
atoms i and j. In many Brownian dynamics simulations, hydrodynamic interactions are not 
calculated. As a result, the correlated motions of water are not modeled in these simulations, and 
the displacement of each atom is not affected by the forces acting on other atoms. In the 
calculation, all of the off-diagonal elements of the N  N supermatrix are set to zero. To include 
hydrodynamics, the off-diagonal elements of this matrix are determined by implementing the 
Rotne-Prager-Yamakawa diffusion tensor calculation [1.32, 1.33]. It has been recently shown 
that the inclusion of hydrodynamics can accelerate protein folding by 2-3–fold [1.34]. Folding 
can be further accelerated by decreasing the hydrodynamic radii, the tradeoff being that 
experimental translational and rotational diffusion coefficients are not accurately reproduced in 
this case [1.34]. We have included hydrodynamic interactions in the manner implemented in 
[1.34] in our coarse-grained BD simulations using a reduced value for the hydrodynamic radii. 
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2.0  EFFECT OF INTERDOMAIN LINKER LENGTH ON AN ANTAGONISTIC 
FOLDING-UNFOLDING EQUILIBRIUM BETWEEN TWO PROTEIN DOMAINS 
Thomas A. Cutler1, Brandon M. Mills2, David J. Lubin1, Lillian T. Chong2 and Stewart N. Loh1 
 
1Department of Biochemistry & Molecular Biology, SUNY Upstate Medical University, 750 
East Adams Street, Syracuse NY 13210 
2Department of Chemistry, University of Pittsburgh, 219 Parkman Avenue, Pittsburgh PA 15260 
 
This chapter was previously published in J. Mol. Biol. (2009) 386, 854-868, and is reproduced 
here in its entirety. Laboratory experiments were conducted by TA Cutler, DJ Lubin and SN 
Loh. Computer simulations were conducted by BM Mills and LT Chong. 
2.1 ABSTRACT 
Fusion of one protein domain with another is a common event in both evolution and in protein 
engineering experiments.  When insertion is at an internal site (e.g. a surface loop or turn), as 
opposed to one of the termini, conformational strain can be introduced into both domains.  Strain 
is manifested by an antagonistic folding-unfolding equilibrium between the two domains, which 
we previously showed can be parameterized by a coupling free energy term (GX).  The extent 
 10 
of strain is predicted to depend primarily on the ratio of the N-to-C distance of the guest protein 
to the distance between ends of the surface loop in the host protein.  Here, we test that hypothesis 
by inserting ubiquitin into the bacterial ribonuclease barnase, using peptide linkers from zero to 
ten amino acids each. GX values are determined by measuring the extent to which Co2+ binding 
to an engineered site on the ubiquitin domain destabilizes the barnase domain.  All-atom, 
unforced Langevin dynamics simulations are employed to gain structural insight into the 
mechanism of mechanically induced unfolding.  Experimental and computational results find 
that the two domains are structurally and energetically uncoupled when linkers are long, and that 
GX increases with decreasing linker length.  When the linkers are less than two amino acids, 
strain is so great that one domain unfolds the other.  However, the protein is able to refold as 
dimers and higher-order oligomers.  The likely mechanism is a three-dimensional domain swap 
of the barnase domain, which relieves conformational strain.  The simulations suggest that an 
effective route to mechanical unfolding begins with disruption of the hydrophobic core of 
barnase by the loss of the N-terminal a-helix. 
2.2 INTRODUCTION 
The goal of this study is to define the structural and thermodynamic mechanism by which 
folding of one protein domain is coupled to unfolding of another domain in a new class of 
engineered, bi-functional proteins.  According to this design, which we call ‘mutually exclusive 
folding’, a guest protein is inserted into a surface loop of a host protein.  If the N-to-C terminal 
distance of the guest is longer than the distance between ends of the surface loop of the host, a 
thermodynamic struggle ensues in which each protein attempts to mechanically unfold the other.  
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The guest exerts a stretching force on the host at the point of insertion.  The host compresses the 
termini of the guest.  If the above distance differential is large enough, the two native structures 
are incompatible.  The host splits the guest in two, or the guest compresses and unfolds the host, 
depending on which protein is more intrinsically stable.  The protein thus interconverts between 
two functional forms.  This property can be exploited to generate a switching mechanism that is 
cooperative, reversible, and responsive to a variety of effector signals, including ligand binding 
and changes in temperature or pH.  For example, by inserting the GCN4 DNA binding domain 
into the ribonuclease barnase (Bn), we created an enzyme whose activity is allosterically 
regulated by site-specific DNA binding [2.1]. 
We previously characterized the mutually exclusive folding mechanism by inserting 
ubiquitin (Ub) into Bn to create the barnase-ubiquitin (BU) fusion protein [2.2, 2.3].  Ub (76 
amino acids) was inserted between residues 66 and 67 of Bn (110 amino acids), at the tip of a 
solvent-exposed loop whose ends are ~11 Å apart (Figure 2-1A).  The minimal folding 
mechanism of BU, in which two-state folding is assumed for each domain, consists of the four 
states shown in black in Figure 2-1B.  The antagonistic interaction is parameterized by a 
coupling free energy term GX [2.3]. GX is the energetic penalty imposed on folding of one 
domain by the native structure of the other.  We hypothesize that GX will depend largely on the 
length of the linker peptides used to join the two proteins.  If very long linkers are used, then the 
two domains fold and unfold independently and GX = 0.  As the linkers are progressively 
shortened, each domain begins to exert strain on the other, causing GX to increase.  If GX 
exceeds the intrinsic stability of Bn (GBn) or of Ub (GUb), then folding becomes mutually 
exclusive.  The two domains cannot exist simultaneously in their native states.  Linker length is 
therefore expected to define three coupling regimes:  zero (GX = 0), intermediate (0 < GX < 
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GBn, GUb), and strong (GX > GBn, GUb).  In the strong coupling limit, the molecule 
interconverts between two functional forms.  The position of the conformational equilibrium is 
governed by the relative stabilities of the two proteins.  
 
Figure 2-1. Design of BU fusion proteins and minimal folding mechanism.  (A) X-ray crystal structures 
of Ub (top) and Bn (bottom), showing the site of insertion (asterisk). C- C distances between N- and C-termini of 
Ub and between the ends of the Bn surface loop (Ser57-Thr70) are indicated.  (B) Folding mechanism of BU.  
Underlined letters and non-underlined letters denote folded and unfolded domains, respectively.  Metal (M) free 
states are colored black and metal bound states are shown in blue.  Ka1 and Ka2 are the association constants for 
metal binding to folded and unfolded Ub domains, respectively.  KU and KB are the equilibrium constants for folding 
of the Ub and Bn domains when the other is unfolded, and are related to folding free energy changes by the 
relationships GU = –RT·lnKU and GB = –RT·lnKB.  GU and GB decrease with denaturant concentration 
according to the linear extrapolation equation:  GU = GUH2O – mU[GdnHCl] and GB = GBH2O – mB[GdnHCl], 
where GUH2O and GBH2O are the values in the absence of denaturant and mU and mB are proportional to the 
difference in accessible surface between folded and unfolded states of each domain [2.42].  KX is the equilibrium 
constant for coupling of the Bn and Ub domains, where GX = –RT·lnKX.   
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In an earlier study we estimated the thermodynamic parameters of the mechanism by 
introducing destabilizing mutations into the Ub domain [2.3]. The stability of the Bn domain was 
inversely proportional to the stability of the Ub domain, as specified by the coupled equilibria in 
Figure 2-1B.  Fitting the experimental data to the model yielded GBH2O = 7.5 kcal mol-1, 
GUH2O = 5.2 kcal mol-1 and GX ~ 4 kcal mol-1 for wild-type (WT) BU.  The linkers used in 
that study were Gly-Thr and Gly-Ala-Ser.  Thus, coupling appears to be in the intermediate 
regime when linkers are two and three amino acids in length.  The two domains destabilize each 
other significantly, but not to the point where one fully unfolds the other.  We hypothesized that 
shortening the linker peptides would intensify the conformational strain between domains and 
thereby increase GX. 
Here, we test that hypothesis by creating a series of BU variants with linker peptides 
ranging in length from zero to ten Gly residues.  Varying the linker length while keeping the 
sequences of the domains constant is an orthogonal test of the mutually exclusive folding 
mechanism.  We predict that GX will increase with decreasing linker length, and will exceed 
GBH2O and GUH2O when the linkers are less than ~2 amino acids each.  To measure GX, we 
introduce a bi-His metal binding site into the Ub domain via the K6H mutation [2.4, 2.5].  Zn2+ 
or Co2+ bind to the side chains of His6 and His68.  We previously showed that GX can be 
determined most accurately by stabilizing the Ub domain and measuring changes in stability of 
the Bn domain [2.3]. Metal binding is the preferred method to stabilize Ub, as the mutations 
known to increase stability do so by optimizing surface electrostatics [2.6], and their effect is 
significantly reduced by the high ionic strength of the guanidine hydrochloride (GdnHCl) 
solutions employed in this study.  The additional metal-bound states of K6H BU are shown in 
blue in Figure 2-1B.   
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The second objective of this study is to define some of the structural and energetic 
considerations that guide the evolution of multidomain proteins.  Over two-thirds of human 
proteins are composed of more than one domain [2.7].  In most cases, they are joined in an end-
to-end fashion.  Approximately 25% of multidomain proteins, however, appear to have evolved 
by insertion of one domain into another [2.8-2.10], as we have done in this study.  These proteins 
are subject to the same conformational strain mechanism that is characterized here.  Of 
additional interest are proteins that dimerize or oligomerize via a 3D domain-swapping 
interaction [2.11].  In this scenario, a segment of the polypeptide chain detaches from its binding 
site in one molecule and docks to the same site in a second molecule.  Intrinsic to this process is 
the concept of conformational strain.  It has been proposed that strain within a monomeric 
protein can drive domain swapping, provided that the strain is relieved upon exchange [2.11-
2.14].  Nature may modulate the extent of strain in order to adjust binding affinity while 
preserving the high specificity dictated by the domain-swapped interface.  Our results indicate 
that the BU variants with long linkers are monomeric, whereas those with short linkers form 
dimers and higher order oligomers.  This finding may help explain how domain-swapping arises 
during evolution, and guide future design of domain-swapped proteins. 
The final goal is to understand the structural basis for how the free energy stored in the 
native state of one protein is used to unfold another.  How is conformational strain distributed 
throughout the domains?  How much can the native states distort without unfolding?  What are 
the structures of mechanically disrupted states?  The inability of unfolded proteins to crystallize 
precludes their structural analysis by x-ray methods.  NMR approaches suffer from a related 
problem: mechanically unfolded proteins may refold as dimers or oligomers via domain-
swapping interactions.  Indeed, we find that the most strained BU variants form oligomers at 
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micromolar concentration.  Therefore, structural questions regarding monomeric forms of BU 
variants are best addressed by computational methods.  We employ atomistic, unforced Langevin 
dynamics (LD) simulations to characterize structural changes of the Bn and Ub domains as they 
exert increasing amounts of strain on each other.  To our knowledge, this represents the first 
simulation of mechanically induced unfolding of one protein domain by another. 
2.3 RESULTS 
2.3.1 Thermodynamic characterization of linker length variants. 
GdnHCl and temperature-induced denaturation curves for BU variants are shown in Figure 2-2.  
CD ellipticity at 230 nm reveals two GdnHCl-induced transitions (Figure 2-2A).  The first 
transition corresponds to Bn unfolding.  This transition is of primary interest, as it is coupled to 
Ub folding when GX > 0.  The second corresponds to unfolding of the Ub domain when the Bn 
domain is already unfolded.  It can be seen from the primary data that shortening the linkers from 
10 Gly to 2 Gly progressively destabilizes the Bn domain and has little effect on the stability of 
the Ub domain (Figure 2-2A).  This finding is consistent with the hypothesis that decreasing 
linker length increases conformational strain between domains.  Strain is abolished at GdnHCl 
concentrations above the midpoint of denaturation (Cm) of the Bn domain, as evidenced by the 
common Cm values of the Ub domains. 
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Figure 2-2. Equilibrium denaturation curves of BU variants in the absence of Co
2+
.  (A) GdnHCl-
induced denaturation of BU-G10, BU-G6 and BU-G2 monitored by CD ellipticity at 230 nm.  Symbols are defined 
in panel B.  Lines are best fits to the three-state linear extrapolation equation.  (B) GdnHCl-induced denaturation of 
BU variants monitored by Trp fluorescence, and normalized to fraction folded.  Lines are best fits to the linear 
extrapolation equation.  (C) Thermal denaturation of BU variants monitored by CD ellipticity at 230 nm and 
normalized to fraction folded, assuming a two-state unfolding reaction.  Symbols are the same as in panel B. 
To obtain thermodynamic parameters for the coupled folding-unfolding reaction, we 
characterized the first GdnHCl transition by Trp fluorescence.  All three Trp residues are located 
in the Bn region of BU.  The wavelength of maximum emission (Fmax) increases from 336 nm to 
355 nm upon Bn unfolding [2.2].  Thus, Fmax reports primarily on Bn conformation.  Data for all 
variants are fit adequately by the two-state linear extrapolation equation (Figure 2-2B).  The 
resulting parameters are listed in Table 2-1.  BU-G6 is less stable than BU-G10 as judged by 
both GH2O and Cm values.  This result suggests that interdomain strain begins to be exerted with 
linkers as long as six amino acids each.  Consistent with that interpretation, Bn stability 
continues to decrease as linker length further shortens. 
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Table 2-1. Thermodynamic parameters for unfolding of free Bn, free Ub, and the Bn domain of BU 
variants. N.D., not determined. aErrors are standard deviations of at least three experiments. bNot determined 
because of high melting temperature. cNot determined due to poor fit to a two-state reaction. 
Variant 
Co2+ 
(mM) 
GH2O 
(kcal/mol) 
M (kcal 
mol-1 M-1) 
Cm (M) Tm (°C) 
Free Bn 
0 
10 
11.5±0.5a 
12.6±1.0 
5.1±0.2 
5.5±0.4 
2.26±0.02 
2.31±0.01 
51.5 
51.0 
Free K6H Ub 
0 
10 
5.6±0.4 
7.0±0.1 
1.7±0.1 
1.7±0.02 
3.26±0.10 
4.07±0.02 
N.D.b 
N.D.b 
BU-G10 
0 
10 
7.8±0.3 
7.8±0.5 
6.4±0.3 
6.4±0.6 
1.23±0.02 
1.22±0.05 
37.2 
35.7 
BU-G6 
0 
10 
5.7±0.2 
6.1±0.1 
5.3±0.2 
6.5±0.1 
1.08±0.01 
0.95±0.02 
35.6 
33.0 
BU-G3 
0 
10 
3.8±0.1 
3.2±0.01 
5.0±0.3 
4.9±0.1 
0.76±0.03 
0.66±0.01 
28.9 
25.9 
BU-G2 
0 
10 
3.0±0.1 
2.1±0.04 
4.1±0.2 
4.2±0.1 
0.73±0.01 
0.50±0.01 
25.7 
21.1 
BU-G1 
0 
10 
2.3±0.3 
1.9±0.01 
3.6±0.3 
2.9±0.05 
0.64±0.07 
0.67±0.01 
23.1 
N.D.c 
BU-G0 
0 
10 
1.9±0.2 
2.0±0.1 
3.7±0.3 
3.5±0.1 
0.51±0.02 
0.56±0.01 
20.5 
N.D.c 
 
 
We monitored thermal denaturation by circular dichroism (CD) to further characterize Bn 
domain stability (Figure 2-2C).  At pH 7.5, free Bn exhibits a melting temperature (Tm) of 
51.5 °C (Table 2-1) and free Ub does not denature below 100 °C [2.15].  In the context of the BU 
protein, the coupled Bn unfolding transition is thus expected to occur below 51.5 °C, whereas the 
Tm of Ub is predicted to remain above 100 °C.  Because Cp and H values are not known, we 
did not attempt to obtain thermodynamic parameters from thermal denaturation data.  
Nonetheless, the relative stabilities of Bn domains can be assessed by comparing Tm values.  Tm 
decreases progressively from BU-G10 to BU-G0, in agreement with GdnHCl denaturation 
results. 
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2.3.2 Co
2+
 binding experiments. 
It is first necessary to determine whether metal binds specifically to the engineered site on Ub.  It 
can be shown that metal-induced stabilization of the Ub domain approaches the limit of 
RTln[(1+Ka1)/(1+Ka2)] when binding to both native and unfolded Ub is saturated, where Ka1 and 
Ka2 are the association constants for the respective forms (Figure 2-1B).  Sosnick and co-workers 
report Ka1 and Ka2 values in the range of ~10
4 M-1 and ~103 M-1, respectively, for Bi-His Ub 
variants [2.4].  Consistent with those figures, we observe that GH2O of K6H Ub reaches a 
maximum value of 1.4 kcal/mol at Co2+ concentrations greater than ~1 mM (Figure 2-3A and 
Table 2-1).  By contrast, 10 mM Co2+ has little effect on unfolding of Bn, either in its free state 
or as a domain in WT BU (data not shown).  Both Cm and Tm values of free Bn remain relatively 
unchanged following addition of Co2+ (Table 2-1). 
Having established that metal binds to K6H Ub and not to Bn, we next repeated the 
GdnHCl denaturation experiments of Figure 2-2B in the presence of 10 mM Co2+.  The model 
predicts that Co2+ binding will not affect stability of the Bn domain if GX = 0.  In the strong 
coupling limit, the decrease in Bn stability will reach a maximum value of -1.4 kcal/mol.  Figure 
2-3B shows that Co2+ does little to destabilize the Bn domain of BU-G10.  Coupling appears to 
progress into the intermediate regime with BU-G6, as evidenced by the significant decrease in 
Cm in the presence of Co
2+.  The extent of Co2+-induced destabilization increases in BU-G3 and 
reaches a maximum with BU-G2.  Metal binding destabilizes the Bn domain of BU-G2 by 0.9 
kcal/mol, or 64 % of the theoretical value for strong coupling.  Curiously, Co2+ has little effect 
on unfolding of BU-G1 and appears to increase the Cm of BU-G0 slightly (Figure 2-3C). 
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Figure 2-3. Equilibrium denaturation curves of free Ub and BU variants in the presence of Co
2+
.  
Symbols are the same as those in Figure 2-2B.  (A) GdnHCl-induced unfolding of free K6H Ub monitored by CD 
ellipticity at 225 nm.  Co2+ concentrations are indicated in the inset.  (B) GdnHCl-induced denaturation of BU-G10, 
BU-G6, BU-G3 and BU-G2 in the presence (grey) and absence (black) of 10 mM Co2+, monitored by Trp 
fluorescence.  (C) GdnHCl-induced denaturation of BU-G1 and BU-G0 in the presence (grey) and absence (black ) 
of 10 mM Co2+.  (D) Thermal denaturation curves of BU variants in the presence (grey) and absence (black) of 10 
mM Co2+.  Lines in panel A, panel B and panel C are best fits to the linear extrapolation equation. 
Thermal denaturation curves (Figure 2-3D) reflect a similar trend.  Co2+ slightly 
decreases Tm of BU-G10, suggesting that the two domains are coupled to a small extent even 
when linked by 10 Gly residues.  Co2+-induced decrease in thermal stability becomes more 
pronounced as linker length decreases. Tm reaches a maximum with BU-G2.  In agreement with 
the GdnHCl results, Co2+ does not destabilize the Bn domains of BU-G0 or BU-G1.  Rather, it 
broadens the melting transitions so that they cannot be modeled as a two-state reaction (data not 
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shown).  It is possible that broadening is caused by transient oligomerization, although 
precipitation is not observed and thermal denaturation is  80 % reversible in all cases. 
2.3.3 Structural characterization by CD. 
CD spectra of free Bn, free Ub and BU variants are shown in Figure 2-4A.  The CD spectrum of 
free Bn is characterized by unusually low spectral intensities and an atypical minimum at 231 nm 
[2.16].  Free Ub exhibits a minimum at 208 nm.  BU-G10 displays both of these minima, 
confirming that both domains are folded.  Since GX is predicted to be greatest for BU-G0 and 
BU-G1, these variants might be expected to exhibit increased random coil content.  However, 
spectra of BU-G0, BU-G1, BU-G2 and BU-G3 are similar to that of BU-G10.  This result 
indicates that both domains remain folded in all BU variants, despite the presence of 
conformational strain.  Sosnick and co-workers reported that metal binding does not alter the far-
UV CD spectrum of bi-His Ub variants [2.4].  Figure 2-4B shows that the spectra of BU variants 
are similarly unchanged in the presence of Co2+.  Metal binding does not appear to perturb the 
structure of BU. 
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Figure 2-4. Structural characterization of BU variants by CD in the (A) absence and (B) presence of 
1 mM Co
2+
.  Protein concentrations are ~5 mM. 
2.3.4 Oligomerization of strained variants.  
To explain the CD data and the anomalous Co2+ binding results obtained for BU-G0 and BU-G1, 
we considered the possibility that these variants may dimerize or oligomerize.  Domain swapping 
is a logical mechanism for oligomerization.  In this scenario, one domain is forced to unfold as 
GX progresses into the strong coupling regime.  The domain will refold, however, if it can do 
so in a way that relieves conformational strain in the native state.  That condition may be 
achieved by intermolecular binding and folding of the N and C-terminal fragments of the Bn 
domain.  The simplest structure that would result is a domain-swapped dimer, although higher 
order oligomers are possible.  Both Ub and Bn domains are expected to be folded in the dimeric 
state, with little if any interdomain strain.  Metal binding to the Ub domain is consequently not 
expected to perturb stability of the Bn domain.   
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We tested for oligomerization by sedimentation equilibrium ultracentrifugation 
experiments.  All data were fit to a self-associated dimer model and parameters are listed in 
Table 2-2.  Representative data sets, showing quality of the fits, are available as electronic 
supplementary material.  As expected, BU-G10 sediments predominantly as a 21.8 kDa 
monomer (theoretical MW 22.2 kDa) with a weak dimer-monomer dissociation constant (Kd) of 
4.2 mM.  BU-G2 also sediments at close to its expected monomeric MW, but Kd decreases by 
nearly 103-fold to 6.0 mM.  Kd further decreases (1.3 mM) in BU-G1, and the apparent MW of 
the monomeric species increases to 35.5 kD.  This result may be due to the presence of higher-
order oligomers.  Consistent with that interpretation, sedimentation profiles for BU-G0 could not 
be fit to a monomer/dimer model.  BU-G0 appears to sediment as a heterogeneous mixture of 
large MW species (data not shown).  Thus, at the protein concentrations employed in 
fluorescence and CD experiments (1-2 mM), BU-G0 and BU-G1 are predominantly 
dimeric/oligomeric, while BU-G2 and the longer linker variants are primarily monomeric.  The 
transition from monomer to dimer/oligomer at the BU-G2/BU-G1 linker length is consistent with 
the anomalous Co2+ binding results observed for BU-G0 and BU-G1. 
Table 2-2. Apparent monomer molecular weights and dimer-monomer dissociation constants of BU 
variants, obtained from sedimentation equilibrium experiments. N.D., not determined due to poor fit to dimer-
monomer model. 
Variant Apparent molecular mass (kDa) Theoretical molecular mass (kDa) Kd (μM) 
BU-G0 N.D. 21.1 N.D. 
BU-G1 35.5 21.2 1.3 
BU-G2 21.6 21.3 6.0 
BU-G10 21.8 22.2 4200 
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2.3.5 Computer simulations. 
The goal of the simulations is to characterize the mechanism of mechanical unfolding in 
conformationally strained BU variants (primarily BU-G0 and BU-G1).  There are no existing 
experimental structures from which starting models can be generated.  Indeed, it is unlikely that 
experimental methods can provide high-resolution structures of BU-G0 or BU-G1 in their 
strained, monomeric states.  Crystallization and NMR conditions would strongly favor formation 
of oligomers in which strain is relieved.  We therefore built starting models from available X-ray 
structures of free Bn and free Ub.  The orientations between domains were explored exhaustively 
by MODELLER to identify the most favorable orientations based on the free energy function 
(see Methods).  In order to accommodate the insertion, Bn must stretch or Ub must compress.  
Neither outcome was biased in initial model building; Bn and Ub atoms were restrained to their 
positions in the respective crystal structures using identical energy functions.  MODELLER 
chose the latter solution.  The ~38 Å N-to-C distance in free Ub compresses to 35 Å, 37 Å, 35 Å, 
31 Å, 27 Å and 25 Å for BU-G10, BU-G6, BU-G3, BU-G2, BU-G1 and BU-G0, respectively.  
In contrast, the Ca-Ca distance between the ends of the Bn surface loop (Ser57-Thr70) remains 
close to that observed in the isolated Bn crystal structure (~11 Å).   
To characterize the structures of mechanically-disrupted states, the starting model of each 
BU variant was subjected to 50 ns of LD simulations at 328 K.  Simulations were also performed 
on isolated Bn (Bncut) and isolated Ub (Ubcut) proteins as controls.  Bncut and Ubcut were 
generated by “cutting” them out of the starting model of BU-G0 and capping the new N- and C-
termini with acetyl and N-methyl groups, respectively.  Finally, we performed a 50 ns simulation 
of BU-G0 with the inhibitor barstar bound to Bn. Since barstar binds to barnase extremely tightly 
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(Kd = 10
-14 M [2.17, 2.18], the prediction is that barstar binding will stabilize the Bn domain and 
drive unfolding of the Ub domain.   
To monitor structural changes during each 50 ns simulation, we determined Ca root-mean 
square deviations (RMSD) of each domain.  RMSD is the deviation between one structure in the 
simulation relative to the energy-minimized starting structure, and reveals the extent of unfolding 
at a given time.  Both Bncut and Ubcut remain folded as demonstrated by small and relatively 
constant values of RMSD (4.2 ± 0.7 Å and 2.7 ± 0.5 Å, respectively, over the last 25 ns).  The 
degree of unfolding of one or both domains of BU variants, as monitored by RMSD, increases as 
linker length decreases (Figure 2-5A).  Starting with BU-G10 and progressing to BU-G2, 
moderately elevated RMSDs (relative to Bncut and Ubcut controls) are observed in either the Bn 
domain or the Ub domain, but not in both.  BU-G6 appears to sample two substates, one before 
35 ns, in which both domains are folded, and the other, after 35 ns, in which the Ub domain 
exhibits significant deviations.  BU-G2 undergoes moderately elevated deviations in the Bn 
domain; the Ub domain remains folded.  These data are consistent with strain being present but 
small enough in magnitude that it can be dissipated within one domain. 
In contrast, RMSDs of both domains are significantly increased in BU-G1 (5.2 ± 1.0 Å in 
Bn, 4.9 ± 0.5 Å in Ub) and BU-G0 (9.9 ± 1.7 Å in Bn, 6.2 ± 0.8 Å in Ub).  This result is 
consistent with the experimental data, and suggest that strain in these two variants is so great that 
it cannot be contained within a single domain.  When barstar is bound to BU-G0, both domains 
remain folded.  Although no Ub unfolding is evident, the fact that the deviations of Bn are lower 
than those of Bncut indicates that barstar binding stabilizes Bn significantly and prevents Bn from 
unfolding. 
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To characterize structural changes in greater detail, we monitored RMSDs of the 
hydrophobic cores of Bn and Ub over the entire 50 ns of simulation.  Ub contains a single core 
(Ile3, Phe4, Val5, Ile13, Leu15, Val17, Ile23, Val26, Ile30, Ile36, Leu43, Phe45, Leu50, Leu56, 
Ile61, Leu67, Leu71) whereas Bn contains three:  core1 (Phe7, Val10, Ala11, Leu14, Leu20, 
Tyr24, Ala74, Ile76, Ile88, Tyr90, Trp94, Ile96, Ile109), core2 (Ile25, Ala30, Leu33, Trp35, 
Leu42, Val45, Ile51), and core3 (Phe56, Leu63, Trp71, Leu89, Leu95, Tyr97, Tyr103, Phe106) 
[2.19].  All of the hydrophobic cores in Bncut and Ubcut remain close to the starting structures 
except for Bn core2, which shows slightly elevated RMSDs (Figure 2-5B; Table 2-2).  Barstar 
binding reduces RMSDs of all cores to 3.0 Å or less.  RMSDs of core1, core2 and the Ub core 
generally increase as linker length is shortened from 10 Gly to zero Gly (Table 2-2). Comparing 
panel C with panel B in Figure 2-5 reveals the extent of unfolding of BU-G2, the most strained 
monomeric variant, relative to the Bncut and Ubcut controls. Core3 exhibits large RMSDs, 
partially unfolding while the remaining hydrophobic cores remain intact (Table 2-3). 
In addition to RMSD, it is informative to calculate root-mean square fluctuation (RMSF), 
which is the RMSD between one structure in the simulation relative to the average structure of 
the simulation.  The intensities of the fluctuations provide information on the degree of 
flexibility in the structure.  The core of Ubcut as well as core1 and core3 of Bncut are relatively 
rigid with all-atom RMSFs of 2.0 ± 0.3 Å , 1.9 ± 0.6 Å and 1.7 ± 0.9 Å, respectively, averaged 
over the entire 50 ns.  Core2 appears to be more flexible (RMSF = 3.2 ± 1.0 Å).  Table 2-3 
summarizes the percentage of time that the hydrophobic cores spend in large fluctuations during 
the simulations.  Fluctuations are defined as large if the all-atom RMSF is greater than three 
standard deviations above the average RMSF of the corresponding cores of Bncut and Ubcut.  In 
general, the extent of large fluctuations increases as the linkers are shortened.  This trend is 
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particularly pronounced in BU-G0, in which core1 and the Ub core undergo large fluctuations 97 
% and 70 % of the time, respectively.  
Table 2-3. Average C
 
RMSDs of hydrophobic cores of Bn and Ub domains obtained from LD 
simulations, relative to the respective starting structures. RMSD values are averaged from 5000 conformations 
sampled every 10 ps of the 50-ns simulation. Numbers in parentheses are the percentages of time that the 
hydrophobic cores spend undergoing large fluctuations during the simulations. Fluctuations are defined as large if 
the all-atom RMSF is greater than three standard deviations above the average RMSF of the corresponding core of 
Bncut and Ubcut. N.A., not applicable. 
Variant 
Bn core1 
RMSD (Å) 
Bn core2 
RMSD (Å) 
Bn core3 
RMSD (Å) 
Ub core 
RMSD (Å) 
Bncut 2.8±0.5 (0) 3.9±1.2 (0) 3.0±0.5 (0) N.A. 
Ubcut N.A. N.A. N.A. 2.9±0.3 (0) 
BU-G0/barstar 2.1±0.3 (0) 2.0±0.2 (0) 3.0±0.4 (0) 2.6±0.2 (0) 
BU-G10 2.2±0.3 (0) 2.5±1.7 (3) 4.4±1.7 (4) 2.8±0.3 (0) 
BU-G6 2.6±0.2 (0) 2.5±0.9 (0) 3.6±1.1 (6) 3.9±2.0 (36) 
BU-G3 2.4±0.2 (0) 3.5±1.9 (1) 2.4±0.3 (0) 3.2±0.3 (0) 
BU-G2 2.8±0.7 (0) 5.3±0.8 (1) 5.3±2.2 (22) 2.8±0.3 (0) 
BU-G1 2.5±0.3 (0) 6.1±1.7 (5) 4.0±1.1 (0) 4.6±1.3 (70) 
BU-G0 9.8±4.9 (97) 5.0±1.2 (0) 3.7±1.0 (0) 5.7±1.5 (70) 
 
We conducted a detailed analysis of the unfolding mechanism for BU-G2, the most 
strained variant that is not found experimentally to be dimeric or oligomeric. Figure 2-6 shows 
snapshots of BU-G2 taken at various times of simulation. Unfolding of BU-G2 involves the Ub 
domain pulling Bn residues on the N-terminal side of the insertion. These Bn residues include 
Leu63 and Phe56, two of the eight residues belonging to core3. The first sign of unfolding occurs 
at 17 ns when the Ub domain pulls Bn residue Leu63 away from the center of core3. This 
dramatic disruption of the core3 is reflected by a sharp increase in its RMSD from 2.6 Å at 14 ns 
to 7.1 Å at 17 ns (Figure 2-5C). At 34 ns, the Ub domain continues to pull on the Bn domain, 
exposing Phe56 to solution. At the end of 50 ns of simulation, the core3 region of Bn continues to 
climb in RMSD, indicating that longer simulation times may reveal further unfolding of the Bn 
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domain. On the whole, unfolding appears to be localized to regions of Bn near the Ub insertion 
site. Other regions of both protein domains are relatively undisturbed. Core1 experiences slight 
fluctuations (RMSF=2.1±0.5 Å) that are intrinsic to that core as evident from the Bncut 
simulation (RMSF=1.9±0.6 Å). Core2 experiences moderate fluctuations (RMSF=3.3±1.1 Å), 
although considerable fluctuations are also observed in this core during the Bncut simulation 
(RMSF=3.2±1.0 Å). The hydrophobic core of Ub also exhibits slight fluctuations 
(RMSF=1.8±0.3 Å) that are comparable to those observed in the Ubcut simulation 
(RMSF=2.0±0.3 Å).  
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Figure 2-5. RMSDs of structures obtained from LD simulations, relative to energy-minimized 
starting models.  (A) C RMSDs of Bn and Ub domains of BU variants and the BU-G0/barstar complex.  For 
clarity, only data points corresponding to the last 25 ns of the 50 ns simulation are shown (2500 conformations 
sampled every 10 ps).  RMSDs include all amino acids except for those of the Bn surface loop (residues 65-69) that 
were left unrestrained during the generation of starting models (see Methods).  Horizontal and vertical lines indicate 
C RMSDs of Bncut and Ubcut, respectively, averaged over the last 25 ns of the 50 ns simulations.  (B) All-atom 
RMSDs of the hydrophobic cores of Bncut and Ubcut as a function of time.  (C) All-atom RMSDs of the hydrophobic 
cores in BU-G2 as a function of time. 
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Figure 2-6. Snapshots of BU-G2 taken at indicated times of simulation, illustrating the sequence of 
mechanically disrupted states. 
2.4 DISCUSSION 
2.4.1 Thermodynamic model for antagonistic coupling. 
Our strategy for testing the mechanism of Figure 2-1 is to vary the length of the linkers and 
measure the coupling free energy GX.  The hypothesis is that shortening the linkers will 
increase interdomain strain, and when the length decreases below a critical threshold, GX will 
exceed GBH2O and GUH2O and mutually exclusive folding will be attained.  GX is estimated 
from GH2O, m, and Cm values of the unfolding transitions of the Bn domain, in the absence and 
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presence of Co2+.  This approach is illustrated below using the three coupling regimes as 
examples. 
Zero coupling.  When GX = 0, the Bn unfolding transition is bu  bu (Figure 2-1).  The 
observed m-value is theoretically identical to that of free Bn. The observed GH2O value 
corresponds to the stability of Bn with Gly residues inserted into the surface loop.  Metal binding 
to the Ub domain will not affect thermodynamic parameters of Bn unfolding. 
Strong coupling.  Here, Bn unfolding is linked to Ub folding and the Bn transition 
becomes bu  bu.  The apparent GH2O and m-values decrease to (GBH2O – GUH2O) and (mB – 
mU), respectively.  Metal binding to Ub now has a pronounced effect on Bn stability.  
Stabilization of the Ub domain approaches the limit of RTln[(1+Ka1)/(1+Ka2)] when metal 
binding to both native and unfolded states is saturated.  Co2+ binding to Ub will thus destabilize 
Bn by 1.4 kcal/mol in the strong coupling condition. 
Intermediate coupling.  As GX increases from zero, the Bn unfolding transition 
gradually shifts from bu  bu to bu  bu.  Both transitions occur, although they are not resolved 
by Trp fluorescence and the experimental data are fit adequately by the two-state model (Figure 
2-2B).  It is therefore appropriate to compare GH2O and m-values only when coupling is in the 
zero or strong regimes.  Nevertheless, increasing the value of GX clearly shifts the Bn 
denaturation curves to lower GdnHCl concentrations.  GX can consequently be estimated from 
the extent to which Co2+ binding shifts Bn Cm values. 
2.4.2 Effect of linker length on coupling. 
Peptide linkers of 10 Gly each effectively decouples folding of the Bn and Ub domains.  The Bn 
domain of BU-G10 exhibits an m-value similar to that of free Bn, and Co2+ binding does not 
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appreciably reduce its stability (Table 2-1).  Comparison of GdnHCl denaturation curves for 
BU-G10, BU-G6, BU-G2 and BU-G2 (Figure 2-2B) reveals that both Cm and m-values decrease 
with linker length.  Significant interdomain strain is present in BU-G6 and it intensifies as the 
linkers shorten.  The decrease in m-value suggests that GX approaches the strong coupling limit 
in BU-G2.  The theoretical m-value for strong coupling (mB – mU) is 3.4 kcal/mol/M or 4.7 
kcal/mol/M (depending on whether mB is obtained from free Bn or from the Bn domain of BU-
G10).  The m-value observed for BU-G2 is 4.1 kcal/mol/M.  These findings agree with those of 
our earlier study, in which coupling was found to be in the high-intermediate range (GX ~4 
kcal/mol) for a variant with linkers of two and three amino acids.    
As GX increases, the free energy of metal binding to the Ub domain is transduced into 
destabilization of the Bn domain (Figure 2-3B).  10 mM Co2+ shifts Cm by –0.01 M (BU-G10), 
-0.13 M (BU-G6), –0.10 M (BU-G3) and –0.23 M (BU-G2).  Destabilization is greatest for 
BU-G2, where the GH2O value of -0.9 kcal/mol is 64 % of the theoretical value for strong 
coupling.  Thermal denaturation curves follow a similar profile.  10 mM Co2+ decreases Tm by 
-1.5 °C (BU-G10), –2.6 °C (BU-G6), –3.0 °C (BU-G3) and –4.6 °C (BU-G2).  In summary, 
results obtained for BU-G10 to BU-G2 provide evidence for the mechanism of Figure 2-1.  
2.4.3 Strong coupling induces oligomerization. 
The above data imply that the Bn and Ub domains are strained in BU-G2, and that further 
shortening the linkers will cause one of the domains to unfold the other.  Puzzlingly, Co2+ 
binding does not destabilize the Bn domains of BU-G1 and BU-G0 (Figure 2-3B), which would 
appear to indicate that coupling is close to zero in these variants.  An explanation is provided by 
the observation that Kd of dimerization is strongly dependent on linker length (Table 2-2).  BU-
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G0 and BU-G1 form dimers and oligomers under experimental conditions whereas BU-G2 and 
the longer linker variants do not.  These results together suggest that BU-G1 and BU-G0 are in 
fact under severe strain—strong enough so that only one domain can fold within a single 
molecule—but strain is relieved by intermolecular folding.   
Domain swapping provides a straightforward mechanism for intermolecular folding with 
ample precedence.  In particular, conformational strain may be a general mechanism by which 
the equilibrium between swapped and non-swapped forms can be modulated.  Baker and 
colleagues induced protein L to form a swapped dimer by mutating three residues in a -turn 
[2.12].  These mutations selectively destabilize the monomer by forcing turn residues to adopt 
unfavorable backbone dihedral angles.  Gronenborn et al. induced dimerization of GB1 by 
positioning a bulky Phe residue in its hydrophobic core [2.21].  Steric repulsions were relieved 
by domain swapping.  Cordes and co-workers took the opposite approach and converted dimeric 
l Cro protein to monomer by selectively stabilizing the latter [2.22].  Honig, Shapiro and 
colleagues proposed that cadherins use domain swapping to create homophilic binding interfaces 
that are highly specific, yet of low affinity [2.23].  Binding affinity is decreased because the 
docking sites for the swapped segment are similar in both the monomer and the dimer.  The 
resulting competition between intra- and intermolecular folding lowers the free energy of 
complex formation.  Binding affinity can in principle be tuned by modulating stability of the 
monomeric form.  Consistent with this view, a recent X-ray structure of type I cadherin finds that 
the hinge region adopts a strained conformation in the monomer [2.24]. 
Mutually exclusive folding is a novel mechanism for introducing extreme conformational 
strain into a protein.  Stress is so great in the monomer that one domain must unfold.  It can only 
refold by unfolding the other domain, which is thermodynamically uphill, or by exchanging 
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segments with another molecule to form dimers or oligomers.  With respect to the latter process, 
it is not clear what structural features determine whether two complementary fragments can 
associate to reconstitute the native fold.  Bn, however, is known to be particularly amenable to 
fragment refolding.  Native-like complexes form upon pairwise mixing of peptides consisting of 
residues (1-36, 37-110), (1-56, 57-110), (1-68, 69-110) and (1-79, 80-110) [2.25].  The (1-68, 
69-110) peptides correspond most closely to the Ub insertion point used in the present study.   
These fragments produced the most stable complex of the four tested [2.25], which may explain 
the propensity for our BU construct to form domain-swapped dimers.  In this situation, amino 
acids in the Bn surface loop could act as hinges which allow the C-terminal 67-110 fragment of 
Bn to dock to and refold with the N-terminal 1-66 portion of a second Bn molecule.  Ub can 
remain folded during this process.  If a reciprocal event occurs with the remaining unpaired 
fragments of Bn, the resulting structure is a closed, symmetrical dimer in which all domains are 
folded and interdomain strain may be minimal or absent.   
The domain swapping hypothesis remains to be tested by structural experiments; 
nevertheless, it is supported by several previous Bn studies.  We found evidence for a domain-
swapped dimer in our earlier study of the barnase-GCN4 fusion protein [2.1].  Wild-type Bn 
forms a domain-swapped trimer at high protein concentrations and moderately destabilizing 
conditions [2.26].  Numerous pairs of Bn fragments, generated by cleaving the protein at various 
surface loops, can bind and refold to form native-like complexes [2.25].  Thus, domain swapping 
is the explanation that best accounts for all of our present observations.  
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2.4.4 Structures of mechanically disrupted states. 
In order to observe unfolding within a 50 ns LD trajectory, which requires ~1 month for a single 
BU variant, it was necessary to reduce solvent viscosity and employ a generalized Born (GB) 
implicit solvation model.  Low solvent viscosity has been employed in simulations of protein 
folding [2.27] and opening/closing motions of the flaps in HIV protease [2.28, 2.29].  In such 
cases, reducing viscosity accelerates reaction rates but does not significantly change the 
structures that are populated [2.30].  Implicit solvation is required in order to enable simulation 
at low viscosity.  It is important to recognize that GB models lack some features of explicit water 
models, and this difference can lead to artifacts such as the tendency to overstabilize -helices 
[2.31-2.35] and ion pair interactions [2.34, 2.36-2.39].  It was also necessary to increase the 
simulation temperature to 55 °C to facilitate unfolding within 50 ns.  No unfolding was detected 
at 40 °C for even the most strained variant (BU-G0).  Since Tm of free Bn is 51.5 
°C, it might be 
expected that the Bn domains of all variants would denature in the 55 °C simulations.  However, 
the temperature scales of GB models have been reported to be elevated by 50-100 °C [2.31, 2.34, 
2.40].  In fact, Bncut (and Ubcut) remain folded during the entire 50 ns simulation at 55 °C.  The 
unfolding that we observe in each domain is therefore caused by the presence of the other.  This 
unfolding is likely due at least in part to mechanical strain. 
Our simulation of the most strained monomeric variant, BU-G2, provides insight into a 
potential route to unfolding by mechanical disruption. Conformational strain causes the Bn 
domain to sample partially unfolded conformations (Figure 2-6). Because Ub is more 
thermostable than Bn, it is expected that the Ub domain will unfold the Bn domain at the 
temperature of the simulations. The BU-G2 simulation suggests that the Bn residues on the N-
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terminal side of the Ub insertion constitute a weak point in the Bn structure. Unfolding of the Bn 
domain observed in this simulation is consistent with the mutually exclusive folding hypothesis, 
which holds that the guest Ub domain exerts a stretching force on the host Bn domain. 
2.5 CONCLUSIONS 
We have demonstrated that the extent of interdomain coupling between folding and unfolding of 
two linked proteins is inversely proportional to the length of the peptides used to join them.  
When the linkers are less than two amino acids each, GX exceeds the stability of the individual 
domains and one is forced to unfold.  The partially unfolded protein appears to undergo a 
domain-swap which relieves conformational strain and allows it to refold as a dimer or oligomer.  
Our study provides guidance for future designs of molecular switches based on the mutually 
exclusive folding mechanism.  It also suggests that domain insertion may be an effective means 
for creating protein binding interfaces via domain swapping.  The affinity of such an interaction 
can in principle be adjusted by modulating the extent to which one domain destabilizes the other 
in the monomeric protein (i.e. GX).  GX can be controlled by varying the lengths of the linker 
peptides. 
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2.6 MATERIALS AND METHODS 
2.6.1 Nomenclature, construction and purification of BU variants. 
BU variants were constructed by inserting the human K6H Ub gene between the codons for 
Lys66 and Ser67 of WT Bn. Symmetrical linkers of 0, 1, 2, 3, 6 and 10 Gly residues were used 
to join the two proteins.  BU-G10 refers to Bn and K6H Ub joined by two linkers of 10 Gly each, 
and so on.  All sequences were verified by DNA sequencing.  Proteins were co-expressed in E. 
coli with the inhibitor barstar to prevent cell toxicity.  BU was purified in the presence of 9 M 
urea to dissociate the Bn-barstar complex and was subsequently dialyzed to remove urea [2.3].  
Due to variations in refolding conditions that inevitably occur during dialysis, the purified 
proteins exhibited different ratios of monomer to oligomer.  To ensure uniformity of samples 
used in experiments, we prepared all samples by dissolving the lyophilized protein in 6 M 
GdnHCl.  This procedure disrupts any oligomers that may have formed during purification.  
Proteins were then refolded by rapid dilution (typically 50-100 fold) into ice-cold buffer and 
allowed to equilibrate for >12 h at 4 °C.  
2.6.2 CD and fluorescence experiments. 
All GdnHCl denaturation experiments were carried out at 10 °C.  Samples were prepared by a 
50-fold dilution of the protein in 6 M GdnHCl into aliquots of ice-cold 10 mM Tris (pH 7.5), 0.1 
M NaCl containing various amounts of GdnHCl.  Those aliquots were prepared previously by 
mixing different ratios of buffer and 6 M GdnHCl using a Hamilton 500 diluter.  For Co2+ 
binding experiments, 10 mM CoCl2 was added to each stock solution prior to mixing.  Samples 
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were then incubated at 4 °C for 12-15 h and transferred to a 10 °C bath for at least 2 h prior to 
collecting data.  Final protein concentration was 1-2 mM.  GdnHCl concentrations were 
measured at the end of each experiment by index of refraction [2.41].  Trp fluorescence data 
were recorded on a Horiba Jobin Yvon Fluoromax-3 fluorometer.  The Datamax software 
package (Horiba Jobin Yvon) was used to calculate the wavelength of maximum fluorescence 
emission (Fmax).  CD data were collected on a Aviv Model 202 spectropolarimeter.  Data were fit 
to the linear extrapolation equation [2.42]. 
CD wavelength scans were recorded at 10 °C using 5 mM protein in a 2 mm path length 
cuvette.  To reduce absorbance arising from residual denaturant, samples were prepared by 
dissolving protein in 6 M ultrapure urea instead of 6 M GdnHCl, and were refolded by 150-fold 
dilution into 2 mM Tris (pH 7.5). 
Thermal denaturation experiments were performed using a heating rate of 1 °C/m and 
monitoring CD ellipticity at 230 nm.  Data were fit to a two-state unfolding mechanism, with 
linear corrections applied to the baseline slopes.  Reversibility was >80 % for all variants. 
2.6.3 Analytical ultracentrifugation experiments. 
Lyophilized protein was dissolved in 6 M urea, 10 mM Tris (pH 7.5) at concentrations of ~700 
mM, ~350 mM and ~175 mM.  Proteins were then refolded by 70-fold dilution into ice-cold 2 
mM Tris (pH 7.5).   Sedimentation equilibrium experiments were performed at 10 °C using a 
Beckman XL-A protein characterization system equipped with an eight-cell AN50-Ti rotor.  
Absorbance was monitored at 225 nm using a six-channel Epon 12 mm centerpiece.  Data were 
collected at 30,000, 35,000 and 40,000 rpm with 12 h equilibration time followed by 1 h 
acquisition time.  Data were processed and analyzed using the SEDFIT/SEDPHAT software 
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package (http://www.analyticalultracentrifugation.com).  Monomer molecular weight and Kd 
were obtained from a global fit of the data from three different protein concentrations to a self-
associating monomer-dimer model. 
2.6.4 Structural models of strained BU variants. 
Heavy-atom models of each strained BU variant, in which both domains are folded, were 
generated by satisfaction of spatial restraints taken from the crystal structures of Bn (PDB code 
1A2P) [2.43] and Ub (PDB code 1UBQ) [2.44], using the MODELLER 9v1 software package 
[2.45, 2.46].  To prevent the generation of “knots” in the structures, residues 65-69 of the Bn 
surface loop were left unrestrained in the MODELLER calculation.  All other atoms in both 
domains were restrained using the same energy function.  Hydrogen atoms were added using the 
LEAP module in AMBER 9 [2.47].  To determine the optimal relative orientation between the 
domains in each model, we first generated a total of 360 orientations by varying a defined angle 
(Ca atoms of Bn residues 71 and 79, and Ub residue 4) and torsion between the domains (Ca 
atoms of Bn residues 17 and 74, and Ub residues 1 and 8) in 10° increments from 90-180° and 
10-360°, respectively, and including the angle and torsion for each orientation as additional 
restraints in the MODELLER calculation.  Ten models were randomly generated for each 
orientation.  The model with the lowest value of the MODELLER objective function was then 
protonated and subjected to energy minimization.  To rank the orientations, MM-GBSA free 
energy calculations [2.48, 2.49] were performed on the minimized model using the AMBER 
ff99SB force field [2.50], a variation of the GB implicit solvent model by Onufriev et al. (igb = 5 
in AMBER 9) [2.51], and no cutoff for the evaluation of nonbonded interactions.  Results from 
these calculations revealed the same major minimum for each BU variant.  The orientation near 
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the center of the well (150° angle/50° torsion) was selected as an optimal orientation.  Heavy 
atoms for the K6H mutation were positioned using the SCAP side-chain prediction program in 
the Jackal 1.5 software package [2.52].  To generate the starting model of the BU-G0/barstar 
complex, barstar was “docked” into the binding site of Bn in the energy-minimized BU-G0 
model by superimposing all C atoms of Bn, with the exception of residues 65-69 in the surface 
loop, from the crystal structure of the Bn-barstar complex (PDB code 1BRS) [2.53] onto those of 
Bn in BU-G0 model.   
2.6.5 Computer simulations. 
Simulations starting from models of the strained BU variants were performed using the AMBER 
9.0 software package [2.47].  The force field and implicit solvent model employed were the same 
as those specified for the MM-GBSA calculations.  To facilitate dynamic events so that 
mechanically induced unfolding occurs on a computationally feasible timescale, we performed 
LD simulations with a reduced solvent viscosity (collision frequency of 1 ps-1).  These events 
were further accelerated by simulating at a moderately elevated temperature of 328K, using the 
solvent dielectric constant of water at that temperature ( = 68.3) [2.54].  To enable a 2 fs time 
step, bonds to hydrogen were constrained to their equilibrium values using the SHAKE 
algorithm [2.55].  All nonbonded interactions were evaluated at each time step.  The system was 
initially subjected to energy minimization followed by three stages of equilibration each lasting 
50 ps.  During the first stage, the energy-minimized system was gradually heated from 0 K to the 
target temperature of 328 K.  Positional restraints were applied to all atoms for the first three 
stages of equilibration, with force constants of 2.0 kcal/mol·Å2, 1.0 kcal/mol·Å2, and 0.1 
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kcal/mol·Å2, respectively.  After equilibration, fully unrestrained production simulations were 
carried out for 50 ns at 328 K.  Each 50 ns simulation required approximately one month on a 
dual 2.66 GHz quad-core processor server, using all eight cores in parallel. 
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3.0  COARSE-GRAINED SIMULATIONS OF PROTEIN UNFOLDING DRIVEN BY 
THE FOLDING OF ANOTHER PROTEIN IN BARNASE-UBIQUITIN FUSION 
PROTEINS 
3.1 ABSTRACT 
The barnase-ubiquitin fusion protein has previously been shown to act as a molecular switch in 
CD spectroscopy experiments [3.1], with corroboration from atomistic computer simulations 
[3.2]. To probe the folding-unfolding equilibrium that exists in the barnase-ubiquitin molecular 
switch on longer timescales, we employed coarse-grained Brownian dynamics (BD) simulations 
of barnase-ubiquitin fusion proteins. These simulations, when performed at the melting 
temperature of barnase (51.5 °C), show that the folding of ubiquitin greatly shifts the barnase 
folding-unfolding equilibrium towards the unfolded state. Artificially weakening the strength of 
residue-residue interactions within the ubiquitin domain results in its rapid unfolding; when the 
parameters are restored to their original value, ubiquitin refolds and drives the unfolding of 
barnase. The folding-unfolding equilibrium is sensitive to the length of interdomain linker 
peptides; furthermore, the binding of the barnase inhibitor, barstar, has been shown to greatly 
shift the barnase domain folding equilibrium towards folding while shifting the ubiquitin domain 
folding equilibrium towards unfolding. 
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3.2 INTRODUCTION 
In the past decade, many molecular switch design schema have emerged and shown promise 
towards the development of new molecules with novel and highly specific signal-response 
couplings [3.3-3.7]. Of these various design methodologies, those that take advantage of domain 
insertion are of particular interest, for they possess two immediate advantages: they use proteins 
as interchangeable units, and the nature of their fusion generally results in stronger coupling 
between the domains than is afforded by an end-to-end linkage of the domains [3.1, 3.3, 3.4, 3.8-
3.13]. While most domain insertion methods attempt to only slightly perturb the structures of the 
two proteins, in the mutually exclusive folding paradigm the folding of one domain drives the 
unfolding of the other [3.1]. In the barnase-ubiquitin and barnase-GCN4 fusion proteins, the 
folding-unfolding equilibrium has been shown to shift due to changes in temperature or binding 
to an effector molecule [3.1, 3.14, 3.15]. These results suggest that mutually exclusive folding 
may be a general and effective paradigm towards the design of new molecular switches. 
However, mechanistic and structural information from laboratory experiments about the 
conformations and transitions undergone by these molecular switches is very limited due to the 
partially unstructured nature of the fusion proteins [3.2]. Physics-based computer simulations 
provide an alternate approach, giving a detailed view of the adopted conformations and transition 
mechanisms of mutually exclusive folders. 
The goal of this study is to utilize coarse-grained simulations in order to characterize the 
folding-unfolding equilibrium of domains in barnase-ubiquitin fusion proteins, which have been 
shown in CD spectroscopy experiments and atomistic simulations to behave as molecular 
switches [3.2]. These switches were designed using the mutually-exclusive folding paradigm, in 
which a protein with a large distance between its amino and carboxyl ends is inserted into 
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another protein at a surface loop with a much smaller distance between the ends of the loop [3.1]. 
Figure 3-1 shows that this criterion is satisfied when ubiquitin is inserted between residues Lys66 
and Ser67 on barnase. As a result of this design criterion, the mechanical strain imposed on each 
domain by the other’s folded structure will result in a thermodynamic tug-of-war between the 
two domains. If the strain is greater than the intrinsic stability of one domain, the domain will 
unfold in order to relieve the strain. Since the intrinsic stability of each domain is dependent on 
external conditions such as temperature and the binding of effector molecules, a change in these 
conditions can produce a switching event, in which the unfolded domain refolds and causes the 
other domain to unfold. 
 
Figure 3-1. Representations of the proteins barnase and ubiquitin. The large amino to carboxyl end 
distance of ubiquitin compared to the barnase surface loop distance fit the mutually exclusive folding design 
criterion. Images were generated using the PyMOL program (DeLano Scientific). 
Since molecular switches that are engineered according to the mutually exclusive folding 
paradigm are (by design) partially unstructured, experimental methods of structure 
characterization such as x-ray crystallography and NMR spectroscopy would be difficult to 
implement. Therefore, we previously took the approach of combining computer simulations with 
CD spectroscopy experiments in order to probe conformations adopted by barnase-ubiquitin 
molecular switches [3.2]. Atomistic simulations were conducted on a series of barnase-ubiquitin 
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fusion proteins in order to gauge how the interdomain linker length affected the degree of 
unfolding in each domain [3.2]. These simulations showed that the fusion proteins with short 
linker peptides became partially unfolded, while little unfolding could be observed for the 
variants with long linker peptides. Partial unfolding predominantly occurred in the barnase 
domain. 
 For this study we have employed coarse-grained simulations in order to more extensively 
probe the folding-unfolding equilibrium of barnase-ubiquitin fusion proteins. Coarse-grained 
simulations, due to their low computational expense, have the advantage of allowing for greater 
conformational sampling, the exploration of more extensive timescales, and the possibility of 
carrying out multiple simulations. These simulations allow for the observation of numerous 
complete protein unfolding and refolding events. 
3.3 METHODS 
3.3.1 The protein model. 
The structure and energetics of the protein models are governed by a G-type model [3.16] 
similar to that described by Elcock, Clementi, Onuchic, and others [3.17-3.22]. The protein is 
reduced from atomistic detail to residue-level detail by using single pseudoatoms, placed at the 
position of the C atom in the full-atom model, to represent individual residues. For folded 
structures of barnase, ubiquitin, and barstar, coordinates for the C beads come from those of the 
C atoms found in the corresponding crystal structures [PDB code 1A2P, 1UBQ, and 1BRS, 
respectively] [3.23-3.25]. C-bead models for the barnase-ubiquitin fusion protein variants BU-
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G2, BU-G6, and BU-G10 with both domains folded were generated from atomistic models 
generated as described in [3.2]. These variants are named for the number of glycine linkers that 
are placed between the domains on each side of inserted ubiquitin. Random coil structures for the 
individual proteins and BU-G2 were generated using a statistical coil model implemented by the 
Unfolded State Server (U. Chicago, http://godzilla.uchicago.edu/cgi-bin/unfolded.cgi [3.26]) and 
then these structures were used to generate C-bead models. Pseudoatoms are held together by 
spring-like pseudobonds. Interactions between two pseudoatoms are characterized as either 
nonbonded or bonded, and nonbonded interactions are characterized as either native or non-
native.  
Whether a nonbonded interaction is treated as favorable or unfavorable is dependent upon 
the protein’s native state structure: if two residues form a contact in the native state, their 
interaction is treated favorably; otherwise, it is treated unfavorably. Two residues were 
considered to form a native contact if any of the heavy atoms on one residue were within 5.5 Å 
of any heavy atoms on the other residue in the native state structure. Following others [3.18-
3.20], native interactions were governed by the following Lennard-Jones potential: 
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where  is the energy well depth, rij is the distance between pseudoatoms i and j in the 
simulation, and ij is the distance between pseudoatoms i and j in the native state structure. Non-
native interactions between pseudoatoms separated by more than four bonds were governed by 
the following repulsive potential: 
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where ij and non-native are set to 4.0 Å and 0.60 kcal/mol, respectively. 
Bonded interactions between pseudoatoms are governed by the following potential: 
Ebonded = kbond r  req( )2
bonds
 + kangle  eq( )2
angles

+ V1 1+ cos  1( )  +V3 1+ cos 3 3( ) 
dihedrals
  
where r, , and  are pseudo bond lengths, angles, and dihedrals, respectively, req and eq are the 
bond lengths and angles in the native state structure, and 1 and 3 are phases of the torsional 
potentials. Following the work of [3.19], the force constants kbond and kangle were set to 100 
kcal/mol/Å and 20 kcal/mol/rad, respectively. 
3.3.2 Parameterization of native, V1 and V3 values. 
The parameters for native, V1 and V3 were set to different values for barnase, ubiquitin and 
barstar in order to reproduce the melting temperature of each protein. The balance between 
bonded and nonbonded interactions that is governed by these parameters has been shown to 
influence the cooperativity of folding equilibria simulated with G models [3.27]. Therefore, 
following others, the ratio of native : V1 : V3 was fixed to 0.60 : 0.50 : 0.25 for each individual 
protein or domain of the barnase-ubiquitin fusion proteins. These parameters are related to the 
stability of each domain, as uniformly increasing them increases the proportion of time the 
protein spends in the folded state. We therefore refer to native as the “stabilization parameter” 
which implies an associated V1 and V3 according to the proportion given above. All interdomain 
contacts are treated as nonnative, with one exception: in simulations of the BU-G2–barstar 
complex, interdomain contacts were treated as in the barnase-barstar complex. All nonbonded 
interactions involving a linker residue are treated as nonnative. 
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For the barnase-ubiquitin fusion proteins BU-G2, BU-G6, and BU-G10, each domain was 
assigned the native, V1 and V3 parameters associated with the free protein. Contacts between the 
two protein domains, as well as all contacts involving the glycine linkers, were treated as non-
native. To allow for free rotation about bonds involving glycine linker residues, the V1 and V3 
terms were set to zero for these dihedrals. For the complexes between barnase and barstar and 
between the barnase domain of BU-G2 and barstar, barnase-barstar contacts were determined to 
be native or non-native using the same distance criterion as for each domain’s internal contacts; 
however, to ensure that barstar remains bound for the entire simulation, an native of 1.2 kcal/mol 
was used. The dependence of barnase-basrtar binding on the value of native will be explored in 
further studies. Table 3-1 summarizes the parameters used and number of native contacts for 
each domain or domain-domain interaction:  
Table 3-1. Number of native contacts and summary of parameters used for each protein. All 
intradomain contacts are treated as in the free proteins. 
Protein Native Contacts native (kcal/mol) V1 (kcal/mol) V3 (kcal/mol) 
Barnase 335 0.560 0.467 0.233 
Ubiquitin 226 0.650 0.542 0.271 
Barstar 272 0.625 0.521 0.260 
3.3.3 Simulation protocol. 
Simulations were performed using software written and kindly made available by Adrian Elcock 
(U. Iowa) [3.19, 3.22]. This software utilizes a Brownian dynamics (BD) algorithm developed by 
Ermak and McCammon [3.28]. These simulations include hydrodynamic interactions that model 
the correlated motions of waters: the displacement of one pseudoatom is directly affected by the 
forces that act on each other pseudoatom. Hydrodynamic interactions were implemented as 
described in [3.22], where it has been shown that the inclusion of hydrodynamic interactions 
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accelerates folding by a factor of 2 to 3. To further accelerate the configurational sampling, a low 
value (i.e. 1.5 Å) was used for the hydrodynamic radii assigned to the pseudoatoms. Simulations 
were carried out for 10 μs with a timestep of 50 fs. To reduce the computer time used to 
complete each simulation, a distance cutoff was imposed on the calculation of nonbonded 
interactions. These interactions were only calculated if rij was less than 10 Å for non-native 
contacts or (ij + 6Å) for native contacts. The list of interactions satisfying these conditions was 
updated every 20 timesteps. Pseudobond lengths were constrained to their corresponding lengths 
in the native state structure after every timestep using the LINCS algorithm [3.29]. In order to 
statistically compare results for each system, five independent simulations were conducted using 
different random seeds for the Brownian dynamics. Each 10-μs simulation took ~4 days on a 
single 2.66 GHz CPU. 
3.4 RESULTS 
The goals of our study are (1) to evaluate the ability of G-type simulations to provide insight 
into mutually-exclusive folding, (2) to examine the effects of domain insertion and varying 
interdomain linker length in G-type simulations and compare results to experimental and 
atomistic simulation data, and (3) to examine the effects of ligand-binding on the folding-
unfolding equilibrium of BU-G2. 
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3.4.1 Single-domain protein simulations. 
Barnase, ubiquitin, and barstar were each individually subjected to 10 μs of BD simulations. The 
goals of these simulations were to test that the stabilization parameters chosen for the barnase, 
ubiquitin, and barstar proteins (summarized in Table 3-1 above) would reproduce experimental 
behavior at the melting temperature, sampling both unfolded and folded states with equal 
probability (
 
G
fold

= 0 ). Ten such independent simulations were conducted on each protein (five 
starting from the folded structure, five starting from a random coil structure). These simulations 
were conducted at the experimental melting temperatures for each protein: 51.5 °C for barnase at 
pH 7.5 [3.2], 100 °C for ubiquitin at pH 7 [3.2], and 69 °C for barstar at pH 8 [3.30]. Following 
others [3.18, 3.19, 3.21], the folding and unfolding of proteins and domains was monitored by 
calculating the fraction of native contacts (Q) every 50 ps. If Q = 1, this indicates that all contacts 
in the native structure are present in the observed structure (i.e., the structure is fully folded). If 
Q = 0, the observed structure is completely unfolded such that none of the contacts in the native 
structure are present. Two residues were determined to be in contact if they were within a 
distance of 1.2 ij (see Methods). For each simulation, histograms of observed Q values were 
generated with 20 bins of width 0.05. These histograms omit the first 1 ns of simulation of data 
in order to ensure that they are not biased towards the folded starting structures. Thus, the 
histograms were generated using 195,000 data points (50 ps per data point). Figures 3-2, 3-3, and 
3-4 show examples of two such histograms as well as the average of all histograms from 
simulations of barnase, ubiquitin, and barstar, respectively. All of the histograms for barnase, 
ubiquitin, and barstar show that both folded and unfolded conformations are observed. These 
histograms show roughly equal probabilities of observing unfolded (Q ~ 0.30) and folded 
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(Q ~ 0.75) states, with a lower probability of observing an intermediate state (Q ~ 0.50). This 
indicates the presence of energy minima at unfolded and folded states separated by an energy 
barrier. In order to quantify the ratio of observed folded and unfolded states, any state with Q < 
0.50 was considered to be unfolded while any state with Q >= 0.50 was considered to be folded. 
Table 3-2 summarizes the results of these histograms. 
 
Figure 3-2. Fraction of native contacts of conformations observed in BD simulations of barnase at the 
barnase melting temperature (51.5 °C at pH 7.5 [3.2]). Solid line indicates the probability on each bin averaged 
over ten barnase simulations. Error bars show ±1 standard deviation. Dashed line corresponds to the histogram from 
the simulation with the largest observed probability of unfolded states. Dotted line corresponds to the histogram 
from the simulation with the largest observed probability of folded states. 
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Figure 3-3. Fraction of native contacts of conformations observed in BD simulations of ubiquitin at 
the ubiquitin melting temperature (100.0 °C at pH 7 [3.2]). Solid line indicates the probability on each bin 
averaged over ten ubiquitin simulations. Error bars show ±1 standard deviation. Dashed line corresponds to the 
histogram from the simulation with the largest observed probability of unfolded states. Dotted line corresponds to 
the histogram from the simulation with the largest observed probability of folded states. 
 
Figure 3-4. Fraction of native contacts of conformations observed in BD simulations of barstar at the 
barstar melting temperature (69.0 °C at pH 8 [3.30]). Solid line indicates the probability on each bin averaged 
over ten barstar simulations. Error bars show ±1 standard deviation. Dashed line corresponds to the histogram from 
the simulation with the largest observed probability of unfolded states. Dotted line corresponds to the histogram 
from the simulation with the largest observed probability of folded states.  
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Table 3-2. Summary of histogram results for single-domain protein simulations. Each protein shows 
nearly equal populations of folded and unfolded states. Values are averages ± one standard deviation from n=10 
simulation histograms. 
Protein Temperature (°C) Fraction Folded 
 
Gfold (kcal/mol) 
Barnase 51.5 49.2% ± 5.1% -0.0 ± 0.1 
Ubiquitin 100.0 60.1% ± 6.3% -0.3 ± 0.2 
Barstar 69.0 53.5% ± 4.9% -0.1 ± 0.1 
 
While the histograms allow us to calculate  from the probability of observed states 
(G = RT lnK ), the accuracy of this value will be poor if the simulation has not converged. 
One way of gauging the convergence of our simulations is to examine the probability of folding 
and unfolding transitions by monitoring Q versus time for simulations starting from two different 
structures: folded and random coil. Observing the histograms of Q reveals no statistically 
significant differences in the results between simulations starting from folded structures and 
those starting from unfolded structures. Figure 3-5 shows Q versus time for one simulation, and 
is representative of the behavior observed in each of the simulations of barnase, ubiquitin, and 
barstar: a large number of folding and unfolding transitions are observed. Table 3-2 shows a 
summary of the number of transitions observed during the simulations of barnase, ubiquitin, and 
barstar. For the purpose of quantification, a transition was determined to occur if the fraction of 
native contacts goes from below an unfolding threshold Q value Q_Unfold to above a folding 
threshold Q value Q_Fold, or vice-versa. Q_Unfold and Q_Fold are the most frequently 
observed values of Q associated with unfolded and folded states in the average histograms for 
each protein.  
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Figure 3-5. Fraction of native contacts of conformations observed in a BD simulation of barnase at 
the barnase melting temperature (51.5 °C) as a function of time. A large number of transitions indicates that the 
simulations are not sensitive to starting structure. 
Table 3-3. Summary of folding and unfolding transitions observed in single-domain protein 
simulations at each protein’s melting temperature. A folding or unfolding transition is said to occur when the 
observed Q goes from below Q_Unfold to above Q_Fold or vice-versa. Many transitions are observed for each 
simulation. Values are averages ± one standard deviation from n=10 simulation trajectories. 
Protein 
Temperature 
(°C) 
Q_Unfold Q_Fold 
Average Transitions 
per 10 μs 
Average Transition 
Time (ns)  
Barnase 51.5 0.35 0.70 174 ± 15 58 ± 5 
Ubiquitin 100.0 0.25 0.75 108 ± 11 94 ± 11 
Barstar 69.0 0.35 0.80 133 ± 12 76 ± 7 
 
3.4.2 Simulations of the BU-G2 molecular switch. 
The barnase-ubiquitin molecular switch BU-G2 was subjected to 10 μs of BD simulation. This is 
the switch that has been experimentally determined to be the most strained BU variant that does 
not relieve strain by forming higher-order oligomers [3.2]. These simulations were conducted in 
order to see if the insertion of ubiquitin alters the folding-unfolding equilibrium observed in the 
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barnase simulations. Initially, ten such independent simulations were conducted: five from a state 
where both domains are folded, five from a state where both domains are random coils. These 
simulations were conducted at the barnase melting temperature (51.5 °C). Since ubiquitin’s 
melting temperature (100 °C) is so much higher than that of barnase, it is expected that ubiquitin 
will fold and remain folded for the entire simulation. These simulations were analyzed by 
observing the fraction of native contacts on each individual domain within the protein. Figure 6 
shows the fraction of native contacts observed in the barnase and ubiquitin domains, 
respectively, throughout the simulations, expressed as a histogram averaged over all ten 
simulations. While the simulations of free barnase resulted in nearly equal populations of folded 
and unfolded state, the vast majority of observed conformations of BU-G2 have the barnase 
domain in the unfolded state. As predicted, the ubiquitin domain folds and/or remains folded in 
every simulation. There is also far less variability in the simulations, as the ±1 standard deviation 
error bars on each bin are very small.  
 
Figure 3-6. Fraction of native contacts in the barnase (blue) and ubiquitin (red) domains of BU-G2 
observed in BD simulations at the barnase melting temperature (51.5 °C). While free barnase was half-folded at 
this temperature, the barnase domain of the barnase-ubiquitin chimera is unfolded for almost the entire simulation 
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duration. Histograms are an average over ten BU-G2 simulations (five from fully-folded structures, five from 
random coil structures). Error bars show ±1 standard deviation. 
While the barnase domain remains unfolded for almost the entire 10 μs in each 
simulation, it should be noted that there are some observed states where barnase appears to be 
partially or significantly folded. As shown in Figure 3-6, the probability of observing a Q value 
of 0.50 to 0.75 in barnase is slightly above zero. This is made clearer by looking at the fraction of 
native contacts in each domain as a function of time. Figure 3-7 shows Q versus time for one 
representative simulation of BU-G2. This trajectory shows that it is possible for barnase to 
transiently fold up in the presence of folded ubiquitin. Figure 3-8 shows a series of snapshots 
from the representative simulation of BU-G2: the initial structure with both domains folded, the 
point of greatest barnase unfolding (8.16 μs), and the point of greatest barnase folding (9.81 μs).  
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Figure 3-7. Fraction of native contacts in the barnase (blue) and ubiquitin (red) domains observed in 
a BD simulation of BU-G2 at the barnase melting temperature (51.5 °C) as a function of time. While barnase 
remains unfolded most of the time, there are observed transitions to a short-lived folded state. Asterisks indicate 
states with accompanying pictures in Figure 3-8. 
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Figure 3-8. Snapshots from the representative simulation of BU-G2 plotted in Figure 3-7. The barnase 
domain is colored blue, ubiquitin is red, and flexible linkers are green. (A) Starting structure with both domains 
folded. (B) Snapshot of BU-G2 at 8.16 μs. This structure has the lowest fraction of native contacts in the barnase 
domain for this simulation with only 7% of contacts formed. (C) Snapshot of BU-G2 at 9.8 μs. This structure has the 
highest fraction of native contacts in the barnase domain with 86%. As seen in Figure 3-7, this folded state is very 
short-lived. Images were generated using the PyMOL program (DeLano Scientific). 
To further explore the thermodynamic tug-of-war between the domains in G2, ubiquitin 
was unfolded by using an extremely weak value for the stabilization parameter (native = 0.065). 
In this situation, ubiquitin unfolds very rapidly (within 4 ns), before barnase shows any sign of 
unfolding. Additional simulations of BU-G2 were conducted from the resulting state where the 
barnase domain is folded and the ubiquitin domain is unfolded. The fraction of native contacts 
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for the barnase and ubiquitin domains in this starting structure are 75.8% and 4.9%, respectively. 
Five simulations from this starting structure were conducted and analyzed by fraction of native 
contacts. Average histograms of observed fraction of native contacts in these five simulations are 
identical to those shown in Figure 3-6, further indicating that these simulations are insensitive to 
starting structure. 
In the BU-G2 simulations starting from a structure where barnase is folded and ubiquitin 
is unfolded, ubiquitin must fold and barnase must unfold. It is interesting to consider how this 
occurs: does barnase need to unfold first in order for ubiquitin to fold, or is ubiquitin capable of 
folding while barnase is still folded? To answer this question, plots of Q versus time were 
generated for each trajectory.  For all five independent simulations, ubiquitin folded before 
barnase unfolded. In all five cases, ubiquitin finished folding before barnase finished unfolding. 
Ubiquitin folded within 40 ns and barnase unfolded within 150 ns for each simulation. Figure 3-9 
shows a plot of Q versus time for one representative simulation of BU-G2 from a state where 
barnase is folded and ubiquitin is unfolded. To emphasize the initial folding and unfolding 
transition events in the barnase and ubiquitin domains, respectively, only the first 200 ns of 
simulation data are shown. Figure 3-10 shows snapshots taken from this representative 
simulation during the first 200 ns. 
 59 
 
Figure 3-9. Fraction of native contacts of conformations observed in a BD simulation of BU-G2 at the 
barnase melting temperature (51.5 °C) as a function of time. In each simulation from this starting structure 
(where barnase is folded and ubiquitin is unfolded), ubiquitin folds before barnase unfolds. Asterisks indicate states 
with accompanying pictures in Figure 3-10. 
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Figure 3-10. Snapshots from the simulation of BU-G2 starting from barnase in the folded state and 
ubiquitin in the unfolded state plotted in Figure 3-9. The barnase domain is colored blue, ubiquitin is red, and 
flexible linkers are green. (A) Starting structure with barnase folded and ubiquitin unfolded. (B) Snapshot of BU-G2 
at 55 ns. At this point in the simulation, ubiquitin has folded with the barnase domain still intact. (C) Snapshot of 
BU-G2 at 150 ns. Once ubiquitin has folded, barnase begins to unfold, reaching a fraction of native contacts of 10% 
at 150 ns. Images were generated using the PyMOL program (DeLano Scientific). 
3.4.3 BU-G6 and BU-G10 simulations. 
As previously shown in Cutler et. al. [3.2], the degree of unfolding in the barnase domain is 
dependent on the interdomain linker length. To test the ability of our coarse-grained simulations 
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to model this dependence, the barnase-ubiquitin fusion proteins BU-G6 and BU-G10 were 
subjected to 10 μs of BD simulation. Five independent simulations were conducted on BU-G6 
and BU-G10, each from a folded structure. These simulations were analyzed by generating 
histograms of observed fraction of native contacts in both the barnase and ubiquitin domains, as 
well as by plotting Q versus time for both domains in each simulation. The histograms generated 
from the BU-G6 and BU-G10 simulations look very similar to those generated for the BU-G2 
simulations in both domains. However, a small difference can be observed in the frequency of 
observing folded states in the barnase domain. Figure 3-11 shows the average histograms for the 
fraction of native contacts in the barnase domain for BU-G2 and BU-G10, focusing on the region 
where barnase is partially folded. More partially folded structures are observed in BU-G10 than 
in BU-G2, indicating that BU-G10 is slightly less strained than BU-G2 (BU-G6 was left out of 
Figure 3-11 for clarity). The fraction of folded states can be quantified for the barnase-ubiquitin 
fusion protein variants in the same way that the single-domain protein simulations were 
quantified: any state with Q < 0.50 is considered to be unfolded while any state with Q >= 0.50 is 
considered to be folded. Using this analysis, an estimate for the free energy of folding can be 
determined. While 
 
Gfold = 0  for free barnase at 51.5 °C, the insertion of ubiquitin forces the 
folding equlibrium towards the unfolded state (
 
Gfold > 0 ). The barnase domains of fusion 
proteins BU-G2, BU-G6, and BU-G10 are destabilized to different degrees: a variant with more 
flexible linkers between the domains can better accommodate insertion of ubiquitin domain, 
making it easier for barnase to fold. This trend is summarized in Table 4. 
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Figure 3-11. Fraction of native contacts in the barnase  domains of BU-G2 (solid line) and BU-G10 
(dashed line) observed in BD simulations at the barnase melting temperature (51.5 °C). More folded states are 
observed for BU-G10 than BU-G2, indicating that the increased flexibility of BU-G10 allows barnase to fold more 
easily. However, the barnase domain is unfolded in the vast majority of observed states for each simulation. The 
BU-G2 histogram is an average over fifteen simulations, while the BU-G10 histogram is an average over five 
simulations. Error bars show ±1 standard deviation.  
Table 3-4. Summary of histogram results for barnase-ubiquitin fusion protein simulations. As more 
linkers are added between the two domains, strain is relieved and the energetic barrier to folding for barnase is 
reduced. Values are averages ± one standard deviation from n simulation histograms (n=15 for BU-G2, n=5 for BU-
G6 and BU-G10). 
Protein Average Folding Transitions per 10 μs Average Folded State Duration (ns) 
BU-G2 14.4 ± 5.5 20.2 ± 4.2 
BU-G6 18.7 ± 10.0 25.8 ± 5.8 
BU-G10 26.1 ± 3.1 23.6 ± 1.6 
 
The folded state of barnase can also be characterized based on folding and unfolding 
transitions. Based on the transition definition for barnase used in Table 3-3 (progression from Q 
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< 0.35 to Q > 0.70 or vice-versa), we can count the number of folding and unfolding transitions 
observed during the simulations of BU-G2, BU-G6, and BU-G10. However, since folding and 
unfolding transitions do not happen with similar frequency as they did in the free barnase 
simulation, it no longer makes sense to take averages over both folding and unfolding transitions. 
Therefore, the number of folding and unfolding transitions and their durations were calculated 
separately. The average time for an unfolding transition can be interpreted as the average 
duration for a folded state. Table 3-5 shows a summary of the number of folding transitions and 
average duration for a folded state observed during the simulations of BU-G2, BU-G6, and BU-
G10. 
Table 3-5. Summary of folding transitions and average folded state duration of the barnase domain 
in simulations of barnase-ubiquitin fusion proteins. Both measures of degree of folding in the barnase domain 
trend upward as more flexible linkers are added between the two domains. Values are averages ± one standard 
deviation from n simulation trajectories (n=15 for BU-G2, n=5 for BU-G6 and BU-G10). 
Protein Average Folding Transitions per 10 μs Average Folded State Duration (ns) 
BU-G2 14.4 ± 5.5 20.2 ± 4.2 
BU-G6 18.7 ± 10.0 25.8 ± 5.8 
BU-G10 26.1 ± 3.1 23.6 ± 1.6 
 
3.4.4 G2-barstar complex simulations. 
The binding of effector molecules stabilizes protein domains. In the context of a molecular 
switch, the binding of an effector molecule to one domain should stabilize that domain to a point 
where it may be more stable than the other domain. The binding of the natural barnase inhibitor 
barstar to the barnase domain has been experimentally shown to drive the unfolding of ubiquitin 
for one variant of the barnase-ubiquitin fusion protein [3.1]. Our atomistic simulations of the 
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BU-G2–barstar complex showed that barstar binding stabilized the barnase domain, but no 
unfolding of ubiquitin could be observed [3.2]. In order to test our hypothesis that barstar 
binding will cause ubiquitin to unfold, we conducted five independent simulations of BU-G2–
barstar complex. Interdomain contacts between barnase and barstar were treated as native or 
nonnative depending on their distance in the crystal structure (98 barnase-barstar contacts were 
determined to be native), and the stabilization parameter was set to 1.2 kcal/mol in order to 
ensure that barstar stayed bound to the barnase domain for the entire simulation (see Methods). 
Data from the simulations of the BU-G2–barstar complex were compared with those from BU-
G2 in the absence of barstar. Figures 3-12 and 3-13 show histograms of the fraction of native 
contacts of BU-G2 in the presence and absence of barstar for the barnase and ubiquitin domains, 
respectively. As expected, the binding of barstar has a dramatic effect on the folding equilibrium 
of barnase, keeping the barnase domain folded for the entire duration in all simulations. 
However, the effect on the ubiquitin domain is more subtle: comparison of the histograms in 
Figure 3-13 shows, for the BU-G2–barstar complex simulations, the shape of the ubiquitin 
histogram is distorted towards lower values for the fraction of native contacts. The presence of 
barstar has a destabilizing effect on the ubiquitin domain, but the effect is too slight to observe 
unfolding in the ubiquitin domain.  
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Figure 3-12. Fraction of native contacts in the barnase domain of conformations observed in BD 
simulations of BU-G2 at the barnase melting temperature (51.5 °C) in the presence (solid line) and absence 
(dashed line) of barstar. The addition of barstar dramatically shifts the barnase folding equilibrium towards the 
folded state. Histograms are averaged over n simulations (n=15 for lone BU-G2, n=5 for the BU-G2–barstar 
complex). Error bars show ±1 standard deviation. 
 
 
Figure 3-13. Ubiquitin domain fraction of native contacts of conformations observed in BD 
simulations of BU-G2 at the barnase melting temperature (51.5 °C) in the presence (solid line) and absence 
(dashed line) of barstar. The addition of barstar only slightly, but significantly, destabilizes the ubiquitin domain. 
Histograms are averaged over n simulations (n=15 for lone BU-G2, n=5 for the BU-G2–barstar complex). Error bars 
show ±1 standard deviation. 
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3.5 DISCUSSION 
In this study, coarse-grained simulations using a G-type model we used in order to explore the 
thermodynamic tug-of-war between the domains of the barnase-ubiquitin fusion protein. As done 
by Elcock [3.19] for the simulations of cotranslational protein folding, the stabilization parameter 
on each of the protein domains in these simulations were set to different values in order to 
reproduce the thermodynamics of individual protein domains at their experimentally-determined 
melting temperature. This was a necessary step to reproduce the relative stabilities of the protein 
domains, as using the same parameter for both domains would not lead to any thermodynamic 
tug-of-war between the protein domains. 
As with any computer simulation approach, there are limitations concerning both the 
model and the simulation details. There are a few notable limitations to the simulation methods 
implemented in this study. 
Since no experimentally-determined structures are available for the barnase-ubiquitin 
fusion protein, our folded starting structures are based on models constructed by satisfaction of 
spatial restraints obtained from the crystal structures of barnase and ubiquitin in their isolated 
forms (See Chapter 2). One potential concern is that our results may depend on the conformation 
of the starting structure. While our starting structures might bias simulations towards a particular 
state, this seems unlikely due to fact that all data taken from simulations with a fully folded 
model were statistically indistinguishable from those taken from simulations starting from a 
random coil model of the same system. 
As with any coarse-grained model that does not explicitly model the side-chains, we are 
unable to predict the effects of mutation in the absence of relevant thermodynamic data from 
laboratory experiments. In this study, a C model was used with the goal of exploring the design 
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principles using a minimalist model of the protein. To explore the effects of mutations, one can 
include course-grained representations of the side-chains as an addition to the C model. 
Finally, the conformational sampling was accelerated by using a small value for the 
hydrodynamic radii. As a result, these simulations are not expected to accurately reproduce 
translational and rotational diffusion coefficients. We have chosen to do so since for the purpose 
of this study we are only interested in observing the relative populations of folded and unfolded 
states. 
3.6 FUTURE DIRECTIONS 
We wish to explore the temperature dependence of the folding-unfolding equilibrium in barnase-
ubiquitin fusion proteins. Guanidine chloride denaturation experiments suggest that barnase may 
be more stable than ubiquitin at lower temperatures [3.1]. Exploring the behavior of the barnase-
ubiquitin fusion protein at lower temperatures will require the utilization of histogram techniques 
[3.31, 3.32] to reproduce experimentally measured folding free energies at those temperatures. 
Additionally, we wish to test the generality of the mutually exclusive folding mechanism 
by inserting ubiquitin into one of the other five insertion loops present in barnase [3.15]. 
Sensitivity of a binding-induced switching transition may depend on the degree of 
thermodynamic coupling between the domains, which in turn may differ between rigid and 
flexible surface loops. Designing the best molecular switch possible from two given domains via 
this mechanism may require the determination of the best possible insertion site. 
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3.7 CONCLUSIONS 
Coarse-grained simulations of the barnase-ubiquitin fusion protein at 51.5 °C show that the 
folding of ubiquitin drives the unfolding of barnase. Consistent with experiments and previous 
atomistic simulations [3.2], decreasing the length of linker sequences between the domains 
decreased the folding fraction of barnase in the fusion proteins. The binding of barstar to barnase 
prevents the unfolding of barnase, but only slightly destabilizes the ubiquitin domain. This study 
has shown that G-type models may be effectively utilized to examine mutually exclusive 
folding. 
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4.0  CONCLUSIONS AND FUTURE DIRECTIONS 
The computational studies described in this thesis have provided structural and mechanistic 
details of mutually exclusive folding in novel, engineered molecular switches. Atomistic and 
coarse-grained simulations have both proven to aid in our understanding of the thermodynamic 
tug-of-war between barnase and ubiquitin in barnase-ubiqutin fusion proteins.  
In atomistic simulations, shortening the length of the linker peptide sequence joining the 
two domains increased the degree of protein unfolding in the molecular switch. Because of the 
level of detail of these simulations, we were able to suggest a mechanism by which the barnase 
domain is unfolded in the BU-G2 variant, namely that several barnase residues on the amino side 
of the ubiquitin insertion are pulled away from the rest of the barnase structure. Mechanisms 
such as this one point to interesting regions of the protein domains, and may further guide the 
engineering of molecular switches. 
Coarse-grained simulations of the barnase-ubiquitin fusion protein extensively sampled 
the thermodynamic tug-of-war that exists between the two protein domains, resulting in 
complete protein folding and unfolding events. As a result of this extensive sampling, these 
simulations allowed us to observe how alterations to the system resulted in slight changes in 
protein stability. These simulations were able to distinguish the degree of folding in the barnase 
domains of BU-G2, BU-G6, and BU-G10, as well as the destabilization of ubiquitin as a result of 
barstar binding to the barnase domain. The ability to quickly determine a folding-unfolding 
 70 
equilibrium in the presence and absence of effector molecules will become more useful as more 
switches are designed that make use of protein folding and unfolding. 
These results suggest that computational studies are useful for probing mutually 
exclusive folding in other molecular switches. Because of the computational ease of coarse-
grained modeling and simulation of such proteins, these simulations may be used to test design 
principles before engineering the molecular switch in the laboratory. As only switches of 
barnase-ubiquitin and barnase-GCN4 have been designed using this paradigm to date, we may 
examine other possible domains to be used in mutually exclusive folding molecular switches in 
the future. Atomistic simulations may be used on established molecular switches in order to gain 
insight into the fault points of individual domains in the switch. This information may be useful 
towards the fine-tuning of other molecular switches. 
The ability to control the activity of an individual protein domain may be applied to the 
study of other protein switches. For instance, the targets of many protein kinases are still 
unknown [4.1]. Researchers may be able to apply strategies of mutually exclusive folding using 
protein kinases as one of the domains in order to reversibly control their activity. This may be 
useful as an alternative technique to radiolabeling [4.1] for the determination of the substrates of 
kinase proteins. 
One important consideration about the simulations constructed to date is that they only 
include single copies of each molecule studied. CD spectroscopy and analytical 
ultracentrifugation experiments on the most severely strained of barnase-ubiquitin fusion protein 
variants, BU-G1 and BU-G0, have suggested that two of these fusion proteins may interact to 
form domain-swapped dimers [4.2]. It has been suggested that strain within a protein can drive it 
to domain-swap [4.3]. Therefore, domain-swapping is an important consideration in the future 
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design of molecular switches using the mutually exclusive folding paradigm. In the future, we 
plan to employ coarse-grained simulations of multiple copies of the barnase-ubiquitin fusion 
variants in order to see if these computations corroborate the experimental data and, if so, to 
predict potential structures of these domain-swapped dimer structures. Since the formation of a 
domain-swapped structure would constitute a failed switch, these simulations may be an 
important part of future computational assays of possible molecular switches. 
We have collaborated with experimentalists in order to provide validation for our 
atomistic simulations by gauging the degree of unfolding in each domain with tryptophan (Trp) 
fluorescence and CD spectroscopy. Since barnase has three tryptophan residues, Trp 
fluorescence can provide structural insight into individual regions of the protein where the Trp 
residues are located [4.4]. Therefore, Trp fluorescence may be a useful technique for validating 
theoretical predictions of unfolding at the specific regions of molecular switch domains. 
Atomistic and coarse-grained simulations were both able to provide interesting results for 
the barnase-ubiquitin fusion proteins. However, atomistic simulations are limited by their 
required computational effort, and the reduced detail of coarse-grained simulations limits the 
types of predictions that can be made. Therefore, it may be useful to utilize a simulation method 
of intermediate detail.  
To our knowledge, the simulations described in this thesis document are the first at any 
level of structural detail to show that the folding of one protein domain can drive the unfolding 
of another. While we know that random mutations can result in the insertion of one protein 
domain into another in an analogous fashion to that utilized in the mutually-exclusive folding 
mechanism, we have yet to take our knowledge from these engineered molecular switches and 
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apply it to an evolutionary study of multidomain proteins. These simulations methods may be the 
first step towards developing the tools for such a study. 
Thus, the general molecular switch design paradigm of mutually-exclusive folding raises 
many questions to be addressed in the future. The atomistic and coarse-grained simulations 
described in this thesis represent the first attempts to answer some of these questions, laying a 
foundation for developing computational assays for tuning the specificity of molecular switches 
that function through mutually exclusive folding. 
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